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ABSTRACT

This report documents work carried out largely over the fifth and final year of the
ONR sponsored University Research Initiative (URI) entitled “Materials for Adaptive
Structural Acoustic Control.” This program has continued to foster the successful
development of new electroceramic single crystal and composite material combinations for
both sensing and actuation functions in adaptive structural systems.

For the classical perovskite relaxor, dielectrics typified by lead magnesium niobate,
continuing studies of properties in the temperature region above the dielectric maximum T,
have added strong additional support to the superparaelectric/spin glass model for the
behavior developed earlier in the IMRL. The most exciting and important discovery of the
year has been the ultra high strain capability of relaxor ferroelectric single crystal actuators.
For crystal in the lead zinc niobate:lead titanate (PZN;PT) solid solution system, at
compositions in the rhombohedral phase close to the morphotropic phase boundary to the
tetragonal ferroelectric phase at 9 mole % PT in PZN, crystals cut and poled along the 001
cube axis exhibit massive field induced quasi linear anhysterestic strains up to 0.6%. For this
poling d; values up to 2,300 pC/N and coupling coefficients k33 of 94% have been achieved
and it was the original hypothesis that these extreme numbers must be largely due to extrinsic
domain wall motion. Now however it is very clear that the exact equivalence of the effect of
an 001 oriented E field on the lll,ill,li l,andﬁl rhombohedral domains precludes this field
from driving domain wall motion so that quite contrary to our earlier expectation the
polarization and associated strain phenomena are purely intrinsic. At higher field levels there
is an obvious step in both polarization and strain into an induced tetragonal phase which gives
total reproducible induced strains up to 1.7%. Clearly the PZN:PT crystals represent a major -
breakthrough into a completely new regimen for piezoelectric actuation and sensing.

For antiferroelectric:ferroelectric switching compositions in the lead lanthanum
zirconated titanate stannate family, new experimental studies have proven that the induced
polarization P; and the strain x3; onset at different field levels. A new domain re-orientation
model has been invoked to explain this startlingly unusual behavior. Both barium and
strontium additives have also been explored to control hysteresis between forward and
backward switching with good success. As well as being interesting for transduction we
believe these compositions are sure to be important for energy storage dielectrics.

In composite sensing it is pleasing to report that the moonie flextensional patent has
now been licensed to the Input:Output Corporation who have successfully fabricated and sold
more than 80,000 moonie sensors. Work is continuing on the cymbal type modification of
the moonie with focus now on array structures for large area panels. This topic is
transitioning to a joint study between the IMRL and Penn State’s ARL, on a new MURI
initiative. For the very small hollow PZT spheres produced by blowing, the emphasis has been
upon both poling and driving from outer surface electrodes, and exploring both by
experiment and by finite element theoretical methods, the resonant mode structures which can
be induced. Studies of the 2:2 composite structures confirm the very high effective
hydrostatic sensitivity and are permitting closer consonance between measurement and
theoretical analysis.

Actuation studies have been dominated by the initial exploration of the fantastic strain
capability of the relaxor ferroelectric MPB single crystals. Obviously the induced strains are
on order of magnitude larger than for conventional PZT ceramics, but the blocking force has



not yet been determined. It is expected that d;; will also be large and anhysteritic in these
crystals, as spontaneous strain depends on Qg which is a pure shear constant. The d;s
however may be significantly more complex as an E, field will certainly drive domain walls in
these E, poled crystals.

Reliability studies of conventional actuators are continuing with emphasis on using
acoustic emission to explore and separate domain wall motion and crack propagation. Most
earlier studies were indeterminate and difficult to interpret, recently for these strongly
piezoelectric samples we have shown that electrical noise in the power supply induces very
strong mechanical noise in the sample giving high spurious emission counts. New studies
using a long time constant filter in the supply have permitted clear and effective separation.
Over the last few years there has been a strong re-awakening of interest in bimorph type
transducer amplifiers with new concepts like rainbow, cerambow and thunder appearing.
Under our ONR program with Virginia Polytechnic it has been necessary to sort out the
conflicting claims for these ‘morph’ types and these data are included for completeness. We
have also begun serious study of the large electrostriction in the soft polyurethane elastomers
where it has been necessary to derive new techniques to measure strain with ultra low
constraint on the films.

Processing studies now involved both single crystal flux growth and a wide range of
powder and ceramic processing. Current needs for integrity and better mechanical properties
are driving new needs for fine grained PZT piezoceramics and new processing is permitting
retention of excellent properties down to submicron grain sizes.

From the wide range of thin ferroelectric film activities in the laboratory, only those
which refer to the thicker films being produced on silicon for MEMS devices are included.
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ABSTRACT

Lanthanum-modified lead zirconate titanate (PLZT) ceramic materials have gained
considerable attention due to their photostriction, which is the superposition of photovoltaic and
piezoelectric effects. However, the photovoltaic effect and the induced strain response are also
influenced by the fabrication and processing conditions. The PLZT ceramics produced by
conventional oxide mixing process exhibit moderate photostrictive properties due to the
inhomogeneous distribution of impurities. In this study, ceramics of PLZT (3/52/48) doped with
WO3 and Nb205 were prepared by sol-gel technique using lead (II) acetate trihydrate, lanthanum

(I1) acetylacetonate hydrate, Zr, Ti, Nb, and W alkoxides. It was found that WO3 and Nb205 were

effective in suppressing the grain growth of PLZT, which lead to the enhancement of photovoltaic
and photostrictive properties. Photovoltaic and photostrictive responses showed a maximum for
samples with 0.5 at% W03 doped sol-gel PLZT. It has been shown that the sol-gel derived PLZT
ceramics with proper density possess the possibility of enhancing the photostriction over ceramics
produced by conventional oxide mixing process.
INTRODUCTION
Lanthanum-modified lead zirconate titanate (PLZT) ceramics are known to exhibit a range

of interesting electro-optical properties. The advantages of PLZT ceramics are their high optical




transparency, desirable electrooptic properties, and fast response (Xu, 1991). There have been
many successful demonstrations of the applications of PLZT. Recently, the application of
PLZT in photostrictive actuators has drawn considerable attention (Uchino and Aizawa, 1985;
Uchino ef al., 1985; Sada et al., 1987; Chuetal., 1994; Chu and Uchino, 1995)

Photostrictive effect is the superposition of the photovoltaic and piezoelectric effects.
This effect is of interest in the development of wireless remote control photodriven actuators.
Another promising application will be in the new generation photoacoustic devices.
Photovoltaic effect and the strain response has been shown to vary greatly for the different
preparation processes, even in the material with the same composition (Sada et al., 1987). Ina
ceramic material for electro-optic application, a combination of good ferroelectricity and high
transparency is required. This requirement can be met by a ceramic material with high density,
low porosity, and a homogeneous composition. However, the conventional oxide mixing process
provides inhomogeneous distribution of impurities, resulting in moderate photostriction
properties. The sol-gel process, involving chemical precipitation (solution reaction) for
preparation of powder materials, has gained attention in comparison to the conventional
techniques due to its inherent advantages in producing high density homogeneous powder with a
greater control on stoichiometry (Chiou and Kno, 1990; Rahaman, 1995). In addition, the
obtained powders are finely divided and greatly enhanced in reactivity, sinterability and
transparency over powders prepared by the conventional processing.

In this study, ceramics of PLZT (3/52/48) doped with WO3 and Nb205 were prepared
by both the conventional oxide mixing process and the sol-gel technique using lead (II) acetate
trihydrate, lanthanum (III) acetylacetonate hydrate, Zr, Ti, Nb, and W alkoxides. Photostrictive

effect and its dependence on dopant and fabrication method were investigated.



EXPERIMENTAL PROCEDURE
PLZT (3/52/48) ceramics with 3 at% La and a Zr/Ti ratio of 52/48 was selected due to its
highest photovoltaic effect (Uchino and Aizawa, 1985). PLZT (3/52/48) doped with 0.5 at%

WO3 and various concentrations of Nb2O5 were prepared by the conventional oxide mixing

process and the sol-gel technique. Figure 1 illustrates a flow chart for the sample preparation by

the conventional oxide mixing process. In this method, PbCO3, L2203, Zr02, TiO2 and dopants

(WO3 or Nb205) were mixed in the proper ratio corresponding to the composition and ball

milled for 48 h. The slurry was dried and calcined at 950 °C for 10 h. The calcined powder was

further ball milled for 48 h and subsequently sintered in air at 1270 °C for 2 h. The flow chart for
the sample preparation by the sol-gel technique has been shown in Fig. 2. In the sol-gel
processing, lead (II) acetate trihydrate, Pb(CH3CO0O0)2-3H20, lanthanum (III) acetylacetonate
hydrate, La(acac)3-H20, zirconium (IV) butoxide, Zr(OC4H9)4, and titanium (IV) isopropoxide.
Ti(OC3H7)4, were used as precursors while tungsten (VI) ethoxide, W(OC2H5)6 and niobium
(V) ethoxide, Nb(OC2H5)5, were used as dopants and 2-methoxyethanol (2-MOE) was used as a
solvent. Pb and La precursors were mixed in the proper ratio and dissolved in 2-MOE and used
as precursor site A. The solution was distilled and refluxed at 125 °C and cooled to the room
temperature. Precursor site B comprising of Zr, Ti and dopant were mixed in the proper ratio
using 2-MOE as a solvent. The solution was refluxed in Ar at 125 °C and cooled to room
temperature. Subsequently, the solution was added into the reflux solution of site A and was

refluxed in Ar at 125 °C. The pH of this solution was adjusted to 10 by using nitric acid, before

its hydrolysis. The solution was then aged to yield a gel which was dried to obtain the powder.



After the organic removal at 400 °C for 6 h, the powder was calcined at 600 °C for 1 h and

sintered at 1250 °C for 2 h in air.

Weighing
PbCO3, L8203, Zr02, TiO2
and doping (WO30r Nb209

‘Wet ball mill mixing|
48h

( Calcination 950 °C, 10 h )

‘Wet ball mill mixing 48 h
and drying

Mixing with binder

( Binder burn out (300 °C, 2h and 550 °C. 4h) '
Sintering
1270%C. 2h
PLZT samples

Fig. 1. Flow diagram of sample preparation by
oxide mixing process.
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!
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Fig. 2. Flow diagram of sample preparation by sol-gel process.
2-MOE: 2-methoxyethanol. Ti(OPr)4: Titanium (IV) isopropoxide.
Zr(OBt)4: Zirconium (IV) butoxide, W(OEt)g: Tungsten (VI) ethoxide.
Nb(OEt)sz Niobium (V) ethoxide.

The density of the sintered samples was determined by the Archimedes method.

Microstructure and grain size of the samples were observed by scanning electron microscopy

(ISI-SX-40X Scanning Electron Microscope, International Scientific Instruments, Inc., NY).

Dielectric properties of PLZT samples were measured with an impedance analyzer (HP-4274A).

Samples for dielectric measurements were polished to about 10 mm in diameter and 1 mm in

thickness, then electroded with platinum (Pt) by sputtering. Piezoelectric properties of all the

samples were measured by using a Berlincourt d33 meter (Channel Products, Inc.) at 100 Hz.



Samples for piezoelctric measurement were of the same configuration as for dielectric
measurements, except they were poled in silicone oil at 120 °C under a 2 kV/mm electric field for
10 min.

Photovoltaic measurements were done by using a high-input-impedance electrometer
(Keithley 617), while the photostriction measurement was done by using the displacement
sensor (LVDT, Millitron model 1301). These measurements were done by radiating the light
perpendicular to the polarization direction. The samples of 5x5x1 mm3 were cut and polished
for these measurements. The 5x1 mmZ surfaces were silver electroded. Poling was performed by
applying 2 kV/mm electric field for 10 min. in silicon oil at 120 °C. A high pressure mercury
lamp (Ushio Electric USH-500D) was used as a light source for the measurement. The white
radiation was passed through an IR blocking filter and an UV bandpass filter to obtain a beam
with a maximum strength around 370 nm and an intensity of 3.25 mW/cm2, before illuminating

the samples (5x5 mm? polished surface). The light beam with this wavelength has been reported
to yield the maximum photovoltaic properties (Uchino e al., 1985). The experimental set-up for

photovoltaic and photostriction measurements are shown in Figs. 3 and 4, respectively.

Light
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— - 9
. »velt [-X]
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High pressure IR Bandpass  Sample Electrometer i il i i
mercury lamp blocking fiter p (Keithley 617) Displacement sensor  Millitron displacement meter Oscilloscope
filter  (248-390 nm)
(>700 nm)
Fig. 3. Experimental set up for photovoltaic measurement. Fig. 4. Experimental set up for photostrictive measurement.

- High pressure Mercury lamp
- Without polarizer
- Filter - IR blocking filter

- Bandpass filter
-Wavelength - 370 nm

- Intensity - 325 mW/em2



RESULTS AND DISCUSSION
Relative density

Figure 5 shows the relative sintered density of Nb205 doped PLZT as a function of
sintering temperature. A relative density of 98% was achieved for PLZT oxide samples sintered

at 1200 °C. The sintered density saturated and remained constant as the sintering temperature
increases to 1300 °C. On the other hand, in the sol-gel PLZT a maximum density of 91% was

observed at a sintering temperature of 1250 °C. The sintered density decreased as the sintering

temperature was further increased. This was probably due to the evaporation of PbO during
sintering. As evident from Fig. 5, the sol-gel PLZT exhibits lower density as compared to the
oxide PLZT at all the sintering temperatures. This lower density was probably due to finer and
agglomerated particles, resulting in aggregation which was observed in some areas of NbyOs
doped sol-gel PLZT. However, the aggregation was not observed in 0.5 at% WO3 doped sol-gel
PLZT, which is one reason for the higher relative density of this ceramic (93%) than Nb,Os
doped sol-gel PLZT. The high density in PLZT oxide samples is probably due to higher packing
density without agglomeration as compared to sol-gel ceramics. Figure 6 shows the SEM
micrographs of the sintered ceramic surfaces. The 1.0 at % Nb;Os doped sol-gel PLZT in (b)

clearly showed large pores which caused by the particle agglomeration.
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(a) (b)
Fig. 6. SEM micrographs of 1.0 at% Nb,O; doped PLZT ceramics prepared by
(a) oxide mixing (b) sol-gel methods.

Grain size
The average grain size is shown in Fig. 7 as a function of doping concentration. The

average grain size decreases with increasing doping concentration. Nb2O5 was found to be more
effective in suppressing the grain size as compared to WO3 as a dopant. The grain size of the

sol-gel ceramics was smaller than that of the oxide mixing ceramics when sintered at 1250 °C for

2h.
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Dielectric and piezoelectric properties
Figure 8 (a) shows the change in the maximum dielectric constant with doping

concentration. The number shown in the figure represents the relative density of the samples at

each composition. The dielectric loss (tan 8) as a function of doping concentration is shown in

Fig. 8 (b). The maximum dielectric constant was found to decrease with increasing doping
concentration for the case of oxide mixing samples. This was partially due to the lower grain size
observed in PLZT doped oxide mixing ceramics. The dielectric constant showed a minimum at
1.0 at% Nb205 doped oxide PLZT. Also, the sol-gel PLZT doped with WO3 has a lower
dielectric constant compared to the oxide PLZT due to the smaller grain size. However, the
Nb205 doped sol-gel PLZT exhibits higher dielectric constant as compared to the oxide PLZT at
the same composition. This may be due to the high dielectric loss observed in this ceramic (Fig.8
(b)). Higher dielectric loss in sol-gel samples may be due to loss through grain boundaries and

pores.
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The piezoelectric constant as a function of doping concentration is shown in Fig. 9. The

measured value of d33 decreases with increasing doping concentration. Also, the sol-gel ceramics
exhibit lower d33 as compared to the oxide ceramics. With decrease in grain size, the domain wall

contribution to the piezoelectric properties drops off, leading to this decrease in piezoelectric

constant.
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Photovoltaic and photostrictive properties
Figure 10 shows the variation of photovoltaic responses with doping concentration for

the samples doped with WO3 and Nb20s. All dopants were found to enhance the photovoltaic

responses. The photovoltage reached more than 1 kV/cm and the photocurrent was of the order
of nA/cm. As in the previous papers, the current density was normalized only with respect to
the width of the illuminated surface, but not to the depth. Both the photovoltage and

photocurrent revealed a maximum at 1 at% of doped Nb205 in the oxide PLZT. WO3 doped

sol-gel PLZT showed the maximum photovoltaic response among all the samples. This may be
attributed to higher degree of homogeneity and uniform distribution of dopant and a
stoichiometry in compositions for this sample. Lower photovoltatic properties were observed in

Nb205 doped sol-gel PLZT. In general, increase in photovoltage will enhance photostriction and

increasing photocurrent will increase the response speed. The photostriction is estimated as the
product of the photovoltage and the piezoelectric coefficient (Uchino and Aizawa, 1985, Sada er
al., 1987; Chu and Uchino, 1995). It can be expressed by
Xh = d33 Eph (1- exp (-/RC))

where X, is photoinduced strain, dj; is piezoelectric coefficient, Ey, is the saturated
photovoltage, t is time, R is the resistance, and C is the capacitance of samples. The RC is
referred to as time constant or response speed which suggests that sample with high
photocurrent will give fast response speed as compared to slow response samples. These effects
are confirmed in Figs. 11 (a) and 11 (b), where the change in photostriction and response speed
are shown as a function of doping concentration. Similar changes in photovoltaic behavior with

doping concentration was observed in photostrictive effect. The maximum photostriction was



found in WO3 doped sol-gel PLZT. In the NbpO5 doped oxide PLZT, the largest photostriction
was observed in the sample with 1.0 at% Nb205. Also, the WO3 doped sol-gel PLZT exhibited
the fastest response time among all the samples. The fastest response time among Nb20O5 doped
oxide PLZT, was obtained at 1.0 at% Nb205. The lower photostriction and the slow response
speed in NbpO5 doped sol-gel PLZT can be due to the agglomeration of fine powder which

resulted in a lower density.
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CONCLUSIONS

WO3 and NbpO5 were effective in suppressing the grain growth which leads to the
enhancement of photovoltaic and photostrictive properties in PLZT. Although, WO3 was less

effective in suppressing the grain size, due to its inherent dopant property, it was more effective
in enhancing the photovoltaic and photostrictive responses. Dielectric and piezoelectric
properties were found to decrease with increasing doping concentration due to the smaller grain
size. In general, the dielectric and piezoelectric properties can be enhanced by doping with

donors such as WO3 and NbpO5. However, they also decrease with decreasing grain size due to

drop in domain wall contribution. The lower dielectric and piezoelectric properties found in
doped ceramics indicate the dominance of the grain size effect. Although the relative density of
sol-gel PLZT is lower than oxide PLZT. at the same composition, the preliminary results showed
that the maximum photovoltaic and photostrictive effect were obtained for 0.5 at% WO3 doped
sol-gel PLZT. This may suggest that a better homogeneity and a closer control of stoichiometry
in sol-gel technique as compared to oxide mixing process give rise to higher photovoltaic and
photostrictive properties. The aggregation and low density observed in Nb20O5 doped sol-gel
PLZT was the reason for lower photovoltatic and photostrictive responses as compared to the
WO3 doped sol-gel PLZT. In conclusion, the preliminary results in this study suggests that the
sol-gel technique possess the possibility in enhancing the photostriction in PLZT. It must also
be noted that if the density of sol-gel processed PLZT can be increased through particle size
distribution and by controlling the agglomeration, even further improvement in photostrictive

response will be achieved.
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Abstract-Reliability of ceramic actuators
i{s dependent on complex factors, which are
divided into three major categories:
reliability of the ceramic material,
reliability of the device design and drive
technique. The reliability issues are reviewed
from whole points of view, with a particular
focus on multilayer structures.

L INTRODUCTION

The application field of ceramic actuators has
become remarkably wide [1,2]. There still remain,
however, problems in durability and reliability that
need to be addressed before these devices can become
general-purpose commercialized products.
Investigations are primarily focused on the areas of
ceramic preparation, device design and drive technique
to improve the reliability.

II. MATERIALS IMPROVEMENTS

The reproducibility of the strain characteristics
depends strongly on grain size, porosity and impurity
content. Increasing the grain size enhances the
magnitude of the field-induced strain, but degrades the
fracture toughness and increases the hysteresis [3].
The grain size should be optimized for cach
application. Hence, fine powders made from wet
chemical processes such as coprecipitation and sol-gel
will be required.

Porosity does not affect the strain behavior
significantly. Figure 1 shows the tip deflection of a
unimorph made from Pb(Mg1/3Nb2/3)03 based
material plotted as a function of sample porosity {4].
The deflection did not show a difference below 8 % of
porosity.

The impurity, donor- or acceptor-type, provides
remarkable changes in strain. Figure 2 shows dopant
effect on the field induced strain in (Pbg.73Bag 27)
(Zr9.75Tig.25)03 (5]. Since donor doping provides
"soft" characteristics, the sample exhibits larger
strains and less hysteresis when driven under a high
electric field (1 kXV/mm). On the contrary, the
acceptor doping provides "hard” characteristics,
leading to a very small hysteretic loss and a large

mechanical quality factor when driven under a small
AC electric fizld (i. e. ultrasonic motor applications!).
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Fig.1. Tip deflection of a PMN unimorph plotted as a
function of the sampie porocity.
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Figure 3 shows the temperature rise versus
vibration velocity for undoped, Nb-doped and Fe-
doped Pb(Zr,Ti)O3 samples. The suppression of heat
generation is remarkable in the Fe-doped (acceptor-
doped) ceramic (6].
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Fig.3. Temperature rise vs. effective vibration velocity
for PZT sampies doped with Nb or Fe.

The temperature dependence of the strain
characteristics must be stabilized using either
composite or solid solution techniques [7]. The
recent new trends are found in developing high
temperature actuators for engine surroundings and
cryogenic actuators for laboratory equipment and
space structures.

Ceramic actuators are recommended to be used
under bias compressive stress. Figure 4 shows
compressive uniaxial stress dependence of the weak-
field piezoelectric constants d in various PZT. Note
the significant enhancement in the d values for hard
piezoelectric ceramics (8]. Systematic studies on
stress dependence of induced strains are eagerly
awaited, including the composition dependence of
mechanical strength.

Although the aging effect is very important, not
many investigations bave been done so far. The
aging effect arises from two factors: depoling and
destruction. Creep and zero-point drift of the
displacement are caused by the depoling of the
ceramic. Another serious degradation of the strain is
produced by a very high electric field under an elevated
temperature, humidity and mechanical stress. Change
in lifetime of a multilayer piezoelectric actuator with
temperature and DC bias voltage has been reported by
Nagata (9]. The lifetime under DC bias voltage
obeys an empirical rule:

toc = A E™? exp(Wpc/ kT) (¢))

where Wpc is an activation energy ranging from 0.99
- 104 eV.
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IIL. RLIABILITY OF DEVICES

Popular silver electrodes have a serious problem
of migration under a high electric field and high
bumidity. This problem can be overcome with usage
of a silver-palladium alloy (or more expensive Pt).
To achieve inexpensive ceramic actuators, we need to
introduce Cu or Ni electrodes, which requires a
sintering temperature as low as 900°C. Low
temperature sinterable actuator ceramics will be the
next target to research.

Delamination of the electrode layer is another
problem in muitilayer types as well as bimorphs. To
enhance adhesion, composite electrode materials with
metal and ceramic powder colloid, ceramic electrodes,
and electrode configurations with via holes are
recommended for use [10]. To suppress the internal
stress concentration which initiates the crack in the
actuator device, several electrode configuations have
been proposed, as shown in Fig.5: plate-through
type, slit-insert type, and float-electrode-insert type
[11]. The reason why the lifetime is extended with
decreasing layer thickness has not yet been clarified.

- ' 0 3
‘ f ) B S
i B o = g &
E A 8 Ct - =1
| 4 d L
(a) ) (c) )
Interdigital Plate-through Interdigital Interdigital
wislit wifloat electrode

Fig.5. Various electrode configurations for muitilayer
ceramic actuators.

Lifetime prediction or health monitoring systems
have been proposed using failure detection techniques
(12). Figure 6 shows such an "intelligent” actuator
system with AE monitoring. The actuator is
controlled by two feedback mechanisms: position
feedback, which can compensate the position drift and
the hysteresis, and breakdown detection feedback
which can stop the actuator system safely without
causing any serious damages to the work, e.g. in a
lathe machine. Acoustic emission measurement of a
piezo-actuator under a cyclic electric field is a good
predictor for lifetime. AE was detected largely when a
crack propagates in the ceramic actuator at the
maximum speed. During a normal drive of a 100-
layer piezoelectric actuator, the number of AE was
counted and a drastic increase by three orders of
magnitude was detected just before complete
destruction. Note that part of the piezo-device can be
utilized as an AE sensor.

oD

A recent new electrode configuration with a strain
gauge type (Fig.7) is another intriguing alternative
for the health monitoring. By measuring the
resistance of the strain gauge shaped electrode
embedded in a ceramic actuator, we can monitor both
electric-field induced strain and the symptom of cracks
in the ceramic.

Feedback(1) * ’
Strain Sensor

> Position drift .
> Hysterssis

Destruction M}kor'
Feedback(2)

Controlied driving
4 vore*  (Oupun
Destruction Dstector r
> ElectricalMechanical
breakdown
anls uon§§I
A S gong
Computer-controtied Power Supply

Fig.6. Intelligent actuator system with both position
feedback and breakdown detection feedback mechanisms.

Disptacement Sensor

Fig.7. Multilayer ceramic actuator with a strain-gauge
type electrode.

IV. DRIVE TECHNIQUES

Pulse drive of the piezoelectric / electrostrictive
actuator generates very large tensile stress in the
device, sometimes large enough to initiate cracks. In
such cases, compressive bias stress should be
employed on the device through clamping
mechanisms such as a helical spring and a plate
spring.

Temperature rise is occasionally observed
particularly when the actuator is driven cyclically, i.e.
in pulse drive or ultrasonic motor applications.




Temperature rise is due to the imbalance between heat
generation basically caused by dielectric hysteresis
loss and the heat dissipation determined by the device
size (surface area!) [13]. Figure 8 shows a linear
relation between temperature rise and the ve/A value,
where ve is the effective volume and A the surface
area of a multilayer actuator, when driven at a fixed
magnide and frequency of the electric field. We need
to select a suitable drive power or a driving duty ratio
;c()) as not to produce a temperature rise of more than
0,
C.
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Fig.8. Temperature rise versus ve/A for various size
multilayer ceramic actuators (applied field: 3 kV/mm at
300Hz).

Regarding uitrasonic motors, the usage of the
antiresonance mode has been proposed [14]. Quality
factor Q and temperature rise have been investigated
on a PZT ceramic rectanguiar bar, and the results for
the fundamental resonance (A-type) and antiresonance
(B-type) modes are illustrated in Fig.9 as a function
of vibration velocity. It is recognized that QB is
higher than QA over the whole vibration velocity
range. In other words, the antiresonance mode can
provide the same mechanical vibration level without
geoerating heat.

All the previous ultrasonic motors have utilized
the mechanical resonance mode at the so-called
“resonance” frequency. However, the mechanical
resonant mode at the "antiresonance” frequency reveals
higher Q and efficiency than the "resonance” state.
Moreover, the usage of "antiresonance,” whose
admittance is very low, requires low current and high
voltage for driving, in contrast to high current and
low voltage for the "resonance.” This means that a
conventional inexpensive power supply may be
utilized for driving the ultrasonic motor.

V. CONCLUSION

There are many possibilities to improve the
durability and reliability of ceramic actuators. Future
wide commercialization will be rather promising.
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HIGH ELECTROMECHANICAL COUPLING PIEZOELECTRICS
. HOW HIGH ENERGY CONVERSION RATE IS POSSIBLE ? -

KENIJI UCHINO
International Center for Actuators and Transducers, Materials Research Laboratory
The Pennsylvania State University, University Park, PA 16802

ABSTRACT

A new category of piezoelectric ceramics with very high electromechanical coupling was
discovered in a lead zinc niobate:lead titanate solid solution in 2 single crystal form. The maximum
coupling factor k33 reaches 95%, which corresponds to the energy conversion rate twice as high
as the conventional lead zirconate titanate ceramics. This paper reviews the previous studies on
superior piezoelectricity in relaxor ferroelectric: lead titanate solid solutions and on the possible
mechanisms of this high electromechanical coupling.

KEY WORDS: electromechanical coupling, piezoelectric. relaxor ferroelectric. domain motion

INTRODUCTION

Lead zirconate-titanate (PZT) ceramics are well known piezoelectrics widely used in many
transducers. Their applications include gas igniters, force/acceleration $ensors, microphones,
buzzers, speakers, surface acoustic wave filters, piezoelectric transformers, actuators, ultrasonic
motors, ultrasonic underwater transducers, and acoustic scanners {1,2]. Particularly in recent
medical acoustic imaging, higher electromechanical coupling materials are eagerly required to
improve the image resolution. Under these circumstances, relaxor ferroelectric: lead titanate solid
solution systems with superior electromechanical coupling factors to the conventional PZT have
been refocused, which were initially discovered in a lead zinc niobate:lead titanate system by the
author's group in 1981 [3].

This paper reviews the previous studies on superior piezoelectricity in relaxor ferroelectric: lead
titanate solid solutions. then on peculiar domain motions in these materials. finally possible
mechanisms are considered for this extremely high electromechanical coupling.

ELECTROMECHANICAL COUPLING FACTORS

The terminologies, electromechanical coupling factor and efficiency are sometimes confused.
Let us consider them at first. The electromechanical coupling factor k is defined as

k2 = (Stored mechanical energy / Input electrical energy) (1)
or

= (Stored electrical energy / Input mechanical energy). (2)
When an electric field E is applied to a piezoelectric actuator, since the input electrical energy is
(1/2) e0e E2 per unit volume and the stored mechanical energy per unit volume under zero external
stress is given by (1/2) x2 /s = (1/2) (d E)2 /s, k2 can be calculated as

12 =[(1/2) (A E)2 / s}/ [(1/2) £0¢ E2]
=d2/ gpe's. 3)




On the other hand, the effi

1 = (Output mechanical energy) / (Consumed electrical energy)

or
= (Output electrical

In a work cycle (e. .

into mechanical energy and the remaining is stored as
Then, this ineffe

capacitor) in an actuator.

leading to near 100 % efficiency,

about 1 - 3 %.
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HIGH ELECTROMECHANICAL COUPLING MATERIALS

Morphotropic Phase Boundary Composition

Conventionally, Pb(Zr,T1)03 (PZT), PbTiO3 (PT) and PZT based ternary ceramics with a
small amount of a relaxor ferroelectric have been utilized for piezoelectric applications. Figure 3
shows the composition dependence of permittivity and electromechanical coupling factor kp in the
pZT system. Itis notable that the morphotropic phase boundary (MPB) composition between the
rhombohedral and tetragonal phases exhibits the maximum enhancement in dielectric and
piezoelectric properties; this is explained in terms of a phenomenolo gical theory [5). The physical
properties of 2 perovskite solid solution between A and B. (1-x) A - x B, can be estimated through
the Gibbs elastic energy of a solid solution, if we suppose a linear combination of the Gibbs elastic
energy of each component:

G1(RX.T) = (21 - VoA + xom] P2 + (U4A)[(L - BA + xBBI P4

+ (U6)[(1 - X)YA +XYB] pb6
- (1/2)[(1 - X)sA + xsB] X2 - [(1-%QA +xQB] p2X, (6)
where aA = (T-T0,A) /e CA and OB = (T - To,B) / €0 CB-
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Fig3 Composition dependence of permittivity and electromechanical coupling factor kp
in the PZT system.

The solution provides reasonable first-order estimates of the Curie temperature, spontaneous
polarization and strain, as well as the enhancement of the permittivity, piezoelectric constant and
electromechanical coupling at the MPB composition.

Note that in virgin samples of piezoelectric ceramics, the polarizations of grains (micro single
crystals making up 2 polycrystalline sample) are randomly oriented (or domains are oriented
randomly even in each grain, if the grain size is large enough for a multi-domain state) so as to
cancel the net polarization in total. In a similar fashion, the net strain is negligibly small under an
external electric field. Hence, before use, it is necessary to apply a relatively large electric field (>

3 kV/mm) to align the polarization direction of each grain as much as possible. Sucha treatment is
called electric poling.




Relaxor Ferroelectric Based Composition

On the other hand, relaxor ferroelectrics such as Pb(Mg1/3Nb2/3)O3:PbTiO3 composituons
- have been focused due to their giant electrostriction [6]. Few work has been conducted on
piezoelectric properties at the MPB region before the trial by the author's group.

We focused on single crystals of (1-x)Pb(Zn1/3Nb2/3)O3- xPbTiO3 (PZN-PT) which are
relatively easily grown by a flux method over the whole composition range, compared with the
case in the Pb(Zr,Ti)O3 (PZT) system. This system exhibits a drastic change from a diffuse phase
rransition to a sharp transition with an increase of the PT content, X, correlating to the existence of
a morphotropic phase boundary from a rhombohedral to 2 tetragonal phase around x = 0.1 (7]

Figure 4 shows the phase diagram of this system near the MPB region.
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Fig.4 Phase diagram of (1-%)Pb(Zn1/3Nb2/3)03- XPbTiO3 (PZN-PT).

The most intriguing piezoelectric characteristics have been found in the MPB compositions
with 0.05< x <0.143, which exhibit two multiple phase transitions, changing the crystal symmetry
from rhombohedral to tetragonal, then to cubic during heating [3]. Figure 5 shows the

composition dependence of the pyroelectric coefficient A3T, piezoelectric constants dijs
electromechanial coupling factors kij, elastic compliances sijE and dielectric constant e3T measured

at room temperature [3]. The superscript * is for the crystal with the rhombohedral symmetry at
room temperature poled along the pseudocubic [001] direction. Figure 6 shows the temperature
dependence of electromechanical coupling factors k33 and k31 measured with bar-shaped

specimens of 0.91PZN-0.09PT [8]. Special notations have been introduced to describe the elastic
and electromechanical constants for a sample poled in a certain direction. The sE[om]// or
sE[111]// are defined from the resonance frequency of a bar sample elongated and poled in the
pseudocubic [001] or [111] axes, respectively. The [001] and [111] axes are the principle axes of
the tetragonal and rhombohedral phases and also the poling directions for each sample. The
coupling coefficients k[001}// and k[111)// are consequently calculated from the resonance and
antiresonance frequencies of the same sample. All the electromechanical components show a very
large kink anomaly at the thombohedral-tetragonal transition temperature, and a rapid decrease ink
or an increase in d and sE on approaching the Cuie point. These components vanish just above the
Curie point.

Table I summarizes the elastic, piezoelectric, electromechanical and dielectric constants and
the spontaneous polarization of 0.91PZN-0.09PT for the thombohedral and tetragonal phases. It
is important that the sample electrically poled along the pseudocubic [001] axis (not the principal
axis in the rhombohedral phase!) reveals a very large piezoelectric constant d{oo1y// = 1.5x10-9




C/N and a high electromechanical coupling factor k[001)/ = 0.92 at room temperature, both of
which are much larger than d{111}/ and k{111)/s respectively. Also these are the highest values
among all perovskite piezoelectric materials reported so far. It was found that such a high
electromechanical coupling factor could not be explained consistently in terms of a mono-domain
single crystal model without considering the complicated domain dynamical motion.
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Table I Elastic, piezoelectric, electromechanical and dielectric constants and the spontaneous
polarization of 0.91PZN-0.09PT for the rhombohedral and tetragonal phases.

Rhomb. phase Tet. phase Unit
Temp. 25 130 °C

st 18 15.5

5[5111]// 13.6 10.3

sfoot1s 36.9 177

sfoorn 143 56 (TPa)~!

Sﬁ“,“_ 17.1 13.9

sQuaw 7.6 7.3

sboons 22.6 13.6

Sggol]// : 21.8 17.6
—dran 194 352

dey i 625 450 pC/N
—droo1n 493 266

drooryt 1570 795
—k(lll].l. 0-23 0.32

kevnan 0.68 0.53 —_
—ktoo111 0.62 0.48

keoor11 0.92 0.83

e 4100 8200

&foor 2200 1880 —_

C A 2200 —

oo 295 570

P, 0.52 0.30 C/m?

Recently, two groups of Yamashita (Toshiba) and Shrout (Penn State) reconfirmed the
author's original work, and extended the investigation to a wide range of relaxor ferroelectrics
such as Pb(Mg1/3Nb2/3)03-PT, Pb(Sc1/2Ta1/2)03-PT and Pb(Sc1/2Nb1/2)03-PT. Large
electromechanical coupling factors kp, k33 and piezoelectric constant d33 of these binary systems

are listed in Table IL

Table I Large electromechanical coupling factors kp, k33 and piezoelectric constant d33
of relaxor ferroelectric binary systems.

MATERIAL FEATURE kp (%) k33(%) d33 (pC/N) ~REFERENCE

pZT 5347  Polycrysal 52 67 220 9]
67 76 400 [10]

PZN:PT91/9  Single crystal 92 1500 [8]
PMN:PT 67/33 Polycrystal 63 73 690 [11]
Single crystal 1500 [12]
PST:PT 55/45 Polycrysial 61 73 655 [13]
PSN:PT 58/42 Polycrystal 71 77 450  [14]




Measurements on electric field-induced polarization and strain were carried out on a pure PZN
single crystal by Shrout €t al [15]. The polarization and strain curves are plotted for the <111>
(the spontaneous polarization direction!) and <100> orientations in Fig. 7. Even though the [100]
plate sample showed the "ideal” P vs. E or strain vs. E behaviors of a mono-domain crystal, notice
that the absolute value of P is much larger in the [111] plate sample; this indicates again the
spontaneous polarization along the <111> axis. He also reported the poling direction-dependent
electromechanical coupling factors in PZN: K[001)/ = 0.85 was much larger than k[111)// = 0.38,
in a similar fashion to 0.9 1PZN-0.09PT. These results also suggest the importance of the domain
contribution to dielectric and piezoelectic propertes.
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Fig.7 Polarization and strain curves plotted for the <111> and <100> orientations in pure PZN.
DOMAIN MOTION IN RELAXOR FERROELECTRICS

Historical Background of Domain-Controlled Piezoelectric Transducers

Historically, most of the studies on ferroelectric single crystals and polycrystalline materials
have aimed to simulate the mono-domain state, desiring to derive the better characteristics from the
specimens; ceramics as well as single crystals were poled electrically and/or mechanically to
reorient the domains along one direction. Researches on controlling domains intentionally can be
found in electrooptic devices and ferroelectric memory devices in particular. However, the
intentional domain control has not been utilized or applied occasionally in the actuator and
transducer areas. Recent requirements for the higher performance transducers encourages the
investigation on the possibility of domain-related effect usage.

Developments in high resolution CCD optical microscope systems and in single crystal growth
techniques are also accelerating these domain-controlled piezoelectric devices. A high resolution
CCD (Charge Coupled Device) camera was attached to a Nikon Transmission Petrographic
Microscope which was connected to a monitor and VCR (illustrated in Fig.8)[16]. The

birefringence between the domains permits the observation of the domains with the polarizing light




microscope. The microscope system also allows magnifications up to %1300 on the monitor. The
temperature-controlled sample stage (Linkam Inc.) in conjunction with the deep focal point of the
objective lenses allows an electric field to be safely applied across the sample between -185 and

600°C. The stationary and switching domains can be instantaneously recorded by the VCR and
observed on the monitor.

Single crystal growth methods of PZN-PT are described here for exarnple [8]. The powders
used were Pb304, TiO02, 7n0 and Nb205. Excess 7n0 was added in some cases to counteract
the evaporation during crystal growth. PbO was used as the flux. The mole ratio of the flux to
composition was varied from 1:1 to 3:2. The batch sizes were changed from 75 grams to 500
grams. The raw powders were loaded into a platinum crucible and charged several imes at 900°C
“ntil the crucible was full. The crucible was then partially sealed with a Pt lid. The sealed Pt
crucible was placed in an alumina crucible and sealed once 20ain. The crucibles were placed ina
box furnace with a temperature controller. The cooling rate was veried from 0.5 to 3°C/hr down t0
000°C. After the temperatur® reaches 900°C, the furnace was fast cooled at 50°C/hr to room
temperature. The single crystals were leached from from the flux with warm 25 vol% nitric acid.

Single crystals with a dimension of 1 cm3 could be obtained.
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Fig.8 CCD optical microscope system.

Domain Configurations in PZN-PT

Let us review the relation between domain configurations and physical properties in relaxor
ferroelectrics. Figure 9 shows the static domain configurations for the samples of x = 0, 0.07 arid
0.095 of (1-x)Pb(Zn1 /3Nb2/3)03- xPbTiO3 (PZN-PT) [17]. The pure PZN did not exhibit large
clear domains in the whole temperature range when it was unpoled (. e. micro-domains).
Rhombohedral domains could be described as having an ambiguous spindle-like morphology.
Ambiguity refers to the variation of domain widths and lengths which appear as an interpenetrating
structure. With increasing the PT content, this small spindle-like domain was enlarged and the
domain wall became sharp. Tetragonal domains appear (0 have a well defined lamellar
morphology, and are either at right angles or antiparallel. Therefore, even though the widths and
lengths of the tetragonal domains vary, the divisions between the domains are well defined and no
interpenetrating structure is observable. Notice that the morphotropic phase boundary (MPB)
composition (x = 0.095) shows the coexistence of both rhombohedral (spindle-like) and tetragonal
domains (sharp straight line); the two-phase coexistence can not be found statically in normal

ferroelectric materials such as BaTiO3.
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Fig.9 Static domain configurations for ples of x =0, 0.07 and 0.095
of (1-x)Pb(Zn1 /3Nb2/3)03- xPbTiO3 (PZN-PT).

Figures 10 and 11 show the actual domain reversal processes and their schematical illustration
under an applied electric field [18]. Sharp 90° domain walls corresponding to the tetragonal
symmetry in the sample with x =0.2 moved abruptly and rather independently each other above a
coercive field of 1 kV/mm. The situation resembles to the case in normal ferroelectrics. On the
contrary, pure PZN (x = 0.0) revealed very different domain motion. During electric field cycles,
micro- to macro-domain growth occurred, and long narrow spindle-like domains (aspect ratio =
10) were arranged rather perpendicularly to the electric field (18 degree canted). When a field
above 0.5 kV/mm was applied, the ambiguous domain walls rippled simultaneously in a certain
size region, so that each domain should change synchronously like cooperative phenomena. The
domain reversal front (180° domain wall) moved rather slower than in the sample of x = 0.2. Itis
noteworthy that the stripe period of the dark and bright domains (probably corresponding to up
and down polarizations) was not changed by the domain reversal, and that each domain area
changed under an AC external field with zero net polarization at zero field. Thus, the relaxor
crystal is electrically-poled easily when an electric field is applied around the transition
temperature, and depoled completely without any remanent polarization. This can explain large
apparent secondary non-linear effects in physical properties such as electrostrictive and electrooptic
phanomena, without exhibiting any hysteresis.

The relation between the dielectric property and the domain structure was clearly demonstrated
in the permittivity measurement of the pure PZN. Figures 12(a) and 12(b) show the permittivity
vs. temperature curves taken for the annealed (unpoled) and poled states of the PZN sample[19].
Large dielectric relaxation (frequency dependence of the permittivity) was observed in a wide
temperature range below the Curie point for the unpoled state, while the dielectric dispersion was
measured only in a narrow temperature range between 100°C and the Curie point for the poled




state. Considering that below 100°C the PZN exhibits the micro- to macro-domain growth under a
high electric field, we can conclude that the dielectric relaxation is attributed to the micro-domains.
Thus, we learned how 10 control the micro- and macro-domains through temperature change and
an external electric field, and how to change the dielectric dispersion, elastic and piezoelectric

constants according to these phase transitions.

@
Fig.10 Actual domain reversal processes under an applied electric field for the samples
: of x =0.2 (a) and 0 (b) of (1-x)Pb(Zn1/3Nb2/3)O3- xPbTiO3.
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Fig.1l Schematical {lustration of the domain reversal processes under an applied electric field for
the samples of x =0.2 (a) and 0 (b) of (1-x)Pb(Zn1/3Nb2/3)O3- xPbTiO3.
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Fig.12 Permittivity vs. temperature curves taken for the annealed (unpoled) state (2)
and poled state (b) of the PZN sample.

ierarchical Domain ure

Figure 13 shows the domain structures observed in 2 0.89PZN-0.11PT crystal. which exists
on the morphotropic phase poundary. The typical tetragonal stripe domain pattern was observed
without an external electric field at room temperature, while the spindle-like rhombohedral domain
pattern appeared as overlapped on the stripe pattern, when the electric field was applied along the
perovskite pseudo-cubic [111] directions. This domain hierarchy suggests that the morphotropic
phase boundary composition may easily change the domain configuration and the crystal symmetry

according to the applied electric field direction, much easily than in the normal ferroelectric PZT.

Fig.13 Domain structures observed in crystal 0.89PZN-0.11PT.
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Future work will include the dynamic domain observation in the 0.91PZN-0.09PT sample
(thombohedral phase is stable at room temperature) poled along the perovskite [100] axis; this
enhances remarkably the electromechanical coupling factor k up t0 92 - 95 %. Also the possibility
of the different poling direction which enhances the coupling factor more will be explored.

CONCLUSIONS

1. The electromechanical coupling factor k33 of more than 90 ¢ can be obtained in the solid
solutions between the relaxor and normal ferroelectrics.

2. Promising compositions include: Pb(Zn1/3Nb2/3)03-PbTiO3, Pb(Mg1/3Nb2/3)03-PbTi03
and Pb(Sc1/2Nb1/2)03-PbTiO3.

3. The highest k in a single crystal form can be obtained when it is electrically-poled along a
different axis from the spontaneous polarization direction.

Domain cotrolled single crystals (not in the monodomain state!) may be the key for obtaining
the highest electromechanical coupling. The important factors to the domain reconstruction will be
realized by changing external electric field, stress and temperature. as well as the sample
preparation history.
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Recent Developments in Ceramic Actuators -
Comparison among USA, Japan and Europe

In these several years, piezoelectric and
stems such as precision positioners, miniature u
developments of piezoelectric and related ceramic actuators with particular

electrostrictive materials have bocome key companents in smart actuator/sensor sy~
lirasonic motors and adaptive mechanical dampers. This paper reviews recent
focus on the improvement of actuator materials,

device designs ond drive/ conml_igflzqiqyei gf actugtors. Developments will be oompured among USA, Japan and Europe.

. a s

1 Introduction

Piezoelectric actuators are forming
a new field between electronic and
structural ceramics [1-1]. Applica-
tion fields are classified into three
categories: positioners, motors and
vibration suppressors. The manu-
facturing precision of optical in-
struments such as lasers and ca-
meras, and the positioning accu-
racy for fabricating semiconductor
chips, which must be adjusted
using solid-state actuators, is of
the order of 0.1 pm. Regarding
conventional electromagnetic mo-
tors, tiny motors smaller than 1
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Fig.1: Electric field-induced strains in ceramics;
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cm3 are often required in office or
factory automation equipment
and are rather difficult to produce
with sufficient energy eiticiency.
Ultrasonic motors whose efficien-
cy is insensitive to size are superi-
or in the mini-motor area. Vibrati-
on suppression in space structures
and military vehicles using piezo-
electric actuators is also a promi-
sing technology.

This article reviews recent applica-
tions of piezoelectric and related
ceramics to smart actuator/sensor
systems, including the improve-
ment of actuator materiais, design

20 10 0 10 20
Electric Field (kV/cm)

Pb(Mg1/3Nb2/ 3,Ti)03. ¢ Phase-change material Pb(Zr,5n,Ti}O3.

of the devices, drive/control tech-
niques-and integration of actua-
tors and sensors. The develop-
ments are compared among USA,
Japan and Europe.

2 Ceramic Actuator Materials

2.1 PRACTICAL ACTUATOR

MATERIALS

Actuator materials are classified
into three categories; piezoelectric,
electrostrictive and phase-change
materials. Modified lead zirconate
titanate [PZT, Pb(Zr,Ti)O,] cera-
mics are currently the leading ma-

b) Electrostrictor
PMN-PT

x10?

4505 0 5 1015
Electric Field (kv/em)

PNZST

1

S0 0 10 20 30
Electric Field (kV/cm)
SHAPE MEMORY

a) Piezoelectric (Pb,La)(Zr,T1O3 and Ba(Sn,Ti)O;. b) Electrostrictive
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MOVING PIECE

Figure 2: Latching relay using @ shape memory ceramic uni-

morph

terials for piezoelectric ap-
lications. The PLZT
(Pb,La)(Zr,T)O;) 7/62/38
compound is one such
composition {5]. The strain
curve is shown in Fig.1(a)
left. When the applied
field is small, the induced
strain is nearly proportio-
nal to the field (x = dE). As
the field becomes larger
(i.e., greater than about
100 V/mm), however, the
strain curve deviates from
this linear trend and signi-
ficant hysteresis is exhibi-
ted due to polarization
reorientation. This someti-
mes limits the usage of
this material in actuator
applications that require
nonhysteretic response.

An interesting new family of ac-
tuators has been fabricated in Ger-
many from a barium stannate tita-
nate system [Ba(Sn,Ti)Os} [6]. The
useful property of
Ba(Sng 5 Tigss)Os is its unusual
strain curve, in which the domain
reorientation occurs only at low
fields, and there is then a long li-
near range at higher fields
(Fig.1(a) right); i.e., the coercive
field is unusually small. Moreover,
this system is particularly intri-
ing because no Pb ion is contai-
ned, which will be essential as eco-
logical materials in the future.
On the other hand, electrostriction
in PMN [Pb(Mg1/3Nb:/3) O-x] ba-
sed ceramics developed in USA,

(b

though a se-
cond-order pne-
nomenon of el-
ectromechanical
coupling (x =
ME2?), is extraor-
dinarily large
(more than 0.1
%) [7]. An attrac-
tive feature of
these materiais is
the near absence
of  hvsteresis
(Fig.1(b)). The
superiority _ of
PMN to PZT
was demonstra-
ted in a Scanning
Tunneiing Mi-

(0}

Metal  Monomorph

13

' —

- /2 of

croscope (STM)
{8]. The PMN ac-
tuator could pro-
vide extremely
small distortion of
the image even

Melal

W2 &
Figure 3: Electron energy band {Schottky barrieri model in mo-  time.
nomorph devices (n-type semiconductor).

1(c) shows the field-induced strain
curves taken for the lead zirconate

stannate based system
[Pbg 9sNbg 02(Zr.Sny.)q vTiy)o9sOsl-
The longitudinally induced strain
reaches up to 0.4%, which is much
larger than that expected in nor-
mal piezostrictors or electrostric-
tors. A rectangular-shape hyste-
resis in Fig.1(c) left, referred to as a
.digital displacement transducer”
because of the two on/off strain
states, is interesting. Moreover,
this field-induced transition exhi-
bits a shape memory effect in ap-
propriate compositions (Fig.1(c)
right). Once the ferroelectric phase
has been induced, the material
will ,memorize” its ferroelectric
state even under zero-
field conditions, although
it can be erased with the
application of a small re-
verse bias field [10]. This
shape memory ceramic is
used in energy saving ac-
tuators. A latching relay
in Fig. 2 is composed of a
shape memory ceramic
unimorph and a mechani-
cal snap action switch,
which is driven by a pul-
se voltage of 4ms. Com-
pared with the conventio-
nal electromagnetic re-
lays, the new relay is
much simpie and com-
pact in structure with al-
most the same response

when the probe

was scanned in
the opposite di-
rection.

21mm

e - e e

Concerning the

hase-change-re-
ated strains, pola-
rization induction
by switching from

FACE: 8:

Nail (cover gtass)

an antiferro-elec-
tric to a ferroelec-
tric state, has been

roposed by our
group[9]. Figure

Surface (glass polished to No. 4000)

Figure 4: Structure of @ photo-driven walking device and the
illumination directions
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2.2 NOVEL ACTUATOR MATE-
RIALS

A monomorph device has been
developed to replace the conven-
tional bimorphs, with simpler
structure and manufacturing pro-
cess. The principle is a superposed
effect of piezoelectricity and semi-
conductivity (Fig. 3) [11]. The
contact between a semiconductor
and a metal (Schottky barrier) cau-
ses non-uniform distribution of
the electric field. even in a compo-
sitionally uniform ceramic. Suppo-
se that the ceramic possesses also
piezoelectricity, only one side of a
ceramic plate tends to contract,
leading to a bending deformation
in total. A monomorph plate with
30 mm in length and 0.5 mm in
thickness can generate 200 pm tip
displacement, in equal magnitude
of that of the conventional bimor-
Ehs {12]. The ,rainbow” actuator

y Aura Ceramics [13] is a modifi-
cation of the above-mentioned se-
miconductive piezoelectric mono-
morphs, where half of the piezoel-
ectric plate is reduced so as to ma-
ke a thick semiconductive electro-
de to cause a bend. A photostric-
tive actuator is a fine example of
an intelligent material, incorpora-
ting , illumination sensing” and
self production of ,drive/control
voltage” together with final ,ac-
tuation.” In certain ferroelectrics, a
constant electromotive force is ge-
nerated with exposure of light,
and a photostrictive strain results

Japan Europe
POSITIONER
Pb(Mg] /3Nb2 /3)03'an03 Pb(Zr,Ti)Og-based Bo(Sn,Ti)O:,
Electrostrictor Piezostrictor Piezostrictor
- Low hysteresis, non-linear | - Large strain (0,15%) | - Low hysteresis
ULTRASONIC MOTOR
Pb{Zr,Ti)O5-based Pb(Zr, Ti|O4-based
Piezostrictor Piezostrictor

- High Qpy, low loss

- High Q, low loss

SPECIAL PURPOSE
Pb(Zr,Sn,Ti)O5-based

Phase chnge materia
- Large strain {0,4%
- Shape memory effect

Pb,La)(Z TilO-based
hotostrictor

- Remote Control (photo-
driven)

Table |

from the coupling of this bulk
photovoltaic effect to inverse pie-
zoelectricity. A bimorph unit has
been made from PLZT 3/52/48
ceramic doped with slight additi-
on of tungsten [14]. The remnant
polarization of one PLZT laver is
parallel to the plate and in the di-
rection opposite to that of the
other plate. When a violet light is
irradiated to one side of the PLZT
bimorph, a photovoltage of 1

B e SR -

kV/mm is generated, causing a
bending motion. The tip displace-
ment of a 20 mm bimorph 0.4 mm
in thickness was 150 pm, with a
response time of 1 sec.

A photo-driven micro walking de-
vice, designed to begin moving by
light illumination, has been deve-
loped {15]. As shown in Fig. 4, it is
simple in structure, having neither
lead wires nor electric circuitry,

~
- % X Y (Z) actuator set-up.
: J_,l'r,__ /% Z-gtcex (19 2/ngig elewenzse)
| emm— | — ¢
§ f,4 T X-gtacr (10 singie elemenrs)
% [
Y 27 A
Siogh Pute 7, %f'
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‘ — AL
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Figure 5: Typical designs for ceramic actuators: muttilayer, Figure 6: 3-D positioning multilayer actuator

moonie and bimorph
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USA Japan Europe
REUABIUTY
o e N i crodes | vy o yers
AMPLFICATION MECHANISM
Moorie, cymbl Q-A'i'rl:\i:;y;rmechanisms
SPECIAL FUNCTION

o
Table il

with two bimorph legs fixed to a
plastic board. When the legs are ir-
radiated alternately with light, the
device moves like an inchworm
with a speed of 100 pm/min. Ta-
ble I summarizes the material de-
velopments in USA, Japan and Eu-

rope.
3 Actuator Designs

Two of the most popular actuator
designs are multilayers and bi-
morphs (see Fig.5). The mulitilayer,
in which roughly 100 thin piezoel-
ectric/electrostrictive ceramic
sheets are stacked together, has

advantages in low driving voitage
(100 V), quick response (1C usec),
high generative force (100 k=) and
high electromechanical coupling.
But the displacement in the range
of 10 um is not sufficient for some
applications. This contrasts with
the bimorph, consisting of muiti-
Ele piezoelectric and elastic plates

onded together to generate a lar-
ge bending displacement of sever-
al hundred pm, but the response
(1 msec) and the generative force
(100gf) are iow.

A composite actuator structure
called the ,moonie” has been de-

veloped at Penn State to provide
characteristics intermediate bet-
ween the multilayer and bimorph
actuators; this transducer exhibits
an order of magnitude larger dis-
placement than the muitilayer,
and much larger generative force
with quicker response than the bi-
morph [16]. The device consists of
a thin multilayer piezoelectric ele-
ment and two metal plates with
narrow moon-shaped cavities bon-
ded together as shown in Fig.5.
The moonie with a size of 5 x 5 x
2.5 mm? can generate a 20 mm dis-
placement under 60 V, eight times
as large as the generative displace-
ment of the multilaver with the sa-
me size [17]. This new compact ac-
tuator has been applied to make a
miniaturized laser beam scanner.
A 3-D positioning actuator with a
stacked structure was also propo-
sed by a German company as in
Fig.6, where shear strain was utili-
zed to generate the x and y displa-
cements. Table Il summarizes the
developments in actuator designs
compared among USA, Japan and
Europe.

4 Drive/Control Techniques

Piezoelectric/electrostrictive ac-
tuators may be classified into two
categories, based on the type of
driving voltage applied to the de-
vice and the nature of the strain
induced by the voltage (Fig.7): (1)
rigid displacement devices for
which the strain is induced unidi-

Bussféocemenl Driving Method £ Bics Field o - Name Material
i Servo Displacement Electrostrictive
Servo Drive &» ~— / Transducer Moteriols
N e : (PMN-bcseCﬂ
R‘.g.d o 1 4 0 Ee
Displacement )
£l e Pulse Field x
. '.’.ON
On/OM Drive _==",7"+ Pulse Drive Motor Scit Piezoelectric
g Materiais
0 Off s (PZT-based)
t Strain x E-
£
Sinusoidal Field
Resonating Displacement — Ultresonic Motor Hard Piezoelectric
Allernating Drive 4 Materiais
o Elecnc Field E

Time ¢

/

Figure 7; Classification of piezoelectric/electrostrictive actuators
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Tip
Displacement PMN for this applicati- is applied. The rise time is varied
on. around the resonance period. It is
Electric concluded that the overshoot and

Fig.8: Transient vibration of a bimorph excited after a
pseudo-step voltage applied. (2n=resonance period)

rectionally along an applied dc
field, and (2) resonating displace-
ment devices for which the alter-
nating strain is excited by an ac
field at the mechanical resonance
frequency (ultrasonic motors). The
first can be further divided into
two types: servo displacement
transducers (positioners) control-
led by a feedback system through
a position-detection signal, and
pulse-drive motors operated in a
simple on/off switching mode, ex-
emplified by dot-matrix printers.

The materials requirements for
these classes of devices are some-
what different, and certain compo-
unds will be better suited to parti-
cular applications. The ultrasonic
motor, for instance, requires a very
hard type piezoelectric with a high
mechanical quality factor Q, lea-
ding to the suppression of heat ge-
neration. Driving the motor at the
antiresonant frequency, rather
than at the resonant state, is also
an intriguing technique to reduce
the load on the piezo-ceramic and
the power supply [18]. The servo-
displacement transducer suffers
most from strain hyvsteresis and,
therefore, a PMN electrostrictor is
used for this purpose. The pulse-
drive motor requires a low permit-
tivity material aiming at quick res-
ponse with a certain power supply
rather than a small hysteresis so
that soft PZT piezoelectrics are
preferred to the high-permittivity

Pulse drive techniques
of the ceramic actuator
is very important for
improving tne response
of the device [19]. Figure 3 shows
transient vibrations of a bimorph
excited after a pseudo-step voltage

ceramic aciuaior
T o

ringing of the tip displacement is
completely suppressed when the
rise time is precisely adjusted to
the resonance period of the piezo-
device. A flight actuator was deve-
loped using a pulse-drive piezoel-
ectric element and a steel ball. A 2

developments .,
P AR - gy g Tl -y . -
n and Europe iz

USA Europe
TARGET .t.:':f‘.‘f‘..' ) "2.' s
Mililpry-oriénéed product | Mass-consumer product Lob-equipmiqtﬂgrbaud . ~
CATEGORY LI
Vibration suppressor Mini-motor Positioner Mini-motor Positioner
s e ) Vibration suppressor
APPUCATION FIELD R L et
Space structure Office equipment Lab stage/stepper —3
ilitary vehicle ) era © - |Airplone - T
NIt Precision machine e
T e G- mobile Hydraulic system
ACTUATOR SIZE - , SRR
Up-sizing {30 cm) Down-sizing {1 cm) Intermed. size ('I:O—cm) ’
MAJOR MANUFACTURER -
AVX/Kyocera Tokin Corp. Philips
Morgan Matroc NEC Siemens
itek Opt. Systems Hitachi Metal Hoechst CeramTec -
Burlei Mitsui-Sekka Ferroperm
AlliedSignal Canon Physik instrumente
. Seiko Instruments
Table i
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PN PLEXURES

b

Fig.10: ,Hubble” telescope using PMN elecirostrictive actuators.

mm steel ball can be hit up to 20
pm by a 5 mm displacement indu-
ced in a multilayer actuator with
quick response (19]. A dot-matrix
printer head has been trially ma-
nufactured using a flight actuator
as shown in Fig.9 [20]. By chan-
ging the drive voltage pulse
width, the movement of the arma-
ture was easily controlled to reali-
ze no vibrational ringing or
double hitting.

a)

Platen

Paper

Ink Ribbon
rGuide

o = = = Actuator

Stroke Amplifier

Fig.12: Structure of a printer head (a), and a differential-ty-
pe piezoelectric printer-head element (b).

Head
Element

Piezoelectric

PMN ACTUATORS

0o V¥ 2 3 & 5 & 1 8 9

volume percenlageol CB

Fig.11: Damping time constant change with volume

percentage of carbon block in piezoelectric composite

5 Device Applications  dampers.
Table III compares the difference
in the ceramic actuator develop-
ments among USA, Japan and Eu-
rope. The details will be described
in this section.

5.1 USA
The target of the development is

mainly for military-oriented appli-
cations such as vibration suppres-

Wing B

Closed State
Fig. 13: Piezoelectric comera shutter.

support

sion in space structures and mili-
tary vehicles. Notice the up-sizing
trend of the actuators for these

purposes.

A typical example is found in a
space truss structure proposed by
Jet Propuision Laboratory [21]. A
stacked PMN actuator was instal-
led at each truss nodal point and
functioned actively so that unne-

Bimorph Support

Shutter Opening

Lever
Open State

vibrator

holder

Fig. 14: Piezo-ceramic cylinder vibratory gyroscope.
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Fig.15: Ultrasonic linear motor of a vibratory coupler type.

cessary mechanical vibration was
suppressed immediately. A ,hub-
ble” telescope has also been pro-
posed using multilayer PMN elec-
trostrictive actuators to control the
phase of the incident light wave in
the field of optical information
processing (Fig.10) [22]. The PMN
electrostrictor provided superior
adjustment of tﬁe telescope 1image
because of negligible strain hyste-
resis.

Passive damper application is ano-
ther smart usage of piezoelectrics,
where mechanical noise vibration
is radically suppressed by the con-
verted electric energy dissipation
through Joule heat when a suitable
resistance, eciual to an impedance
of the piezoelectric element 1/0C,
is connected to the piezo-element
[23]. Piezoceramic:carbon black:
polymer composites are promising
useful designs for practical appli-
cation. Figure 11 shows the dam-
ping time constant change with
volume percentage of the carbon
black. The minimum time constant
(i.e. quickest damping) is obtained

A dot matrix
rinter is the
irst widely-

commercialized

product using
ceramic actua-
tors. Each cha-
racter formed
by such a prin-
ter is composed
of a 24 x 24 dot
matrix. A prin-
ting ribbon is
subsequently

impacted by a

multiwire array.

A sketch of the

printer head ap-

pears in Fig.

12(a) [25]. The

printing  ele-

ment is compo-
sed of a multi-
laver piezoelec-
tric device, in
which 100 thin
ceramic sheets

100 pm in
thickness are
stacked, to-

at 6 % of carbon
black, where a
drastic electric
conductivity
change is obser-
ved (percolation
threshold) [24]

5.2 JAPAN

Japanese indu-
stries seek to de-
velop mass-con-
sumer products,
and the catego-
ries are only li-
mited to mini-
motor and posi-
tioner areas, ai-
ming at the ap-
lications to of-
ice equipment
and cameras/vi-
deo cameras. In
that sense, tiny
actuators smal-
ler than 1 cm are
the main focus.

(A)

(B)

ether with a sophisticated magni-

ication mechanism (Fig.12(b)).
The magnification unit is based on
a monolithic hinged lever with a
magnification of 30, resulting in an
amg:liﬁed displacement of 0.5 mm
and an energy transfer efficiency
greater than 50%. A piezoelectric
camera shutter is currently the lar-
gest production ?uantity item
(Fig.13). A piece of piezoelectric
bimorph can open and close the
shutter in a milli-second through a
mechanical wing mechanism [26].
Piezoelectric gyro-sensors are now
widely used to detect the noise
motion of a handy video camera.
Figure 14 shows a Tokin’s cylinder
type gyroscope [27]. Among the 6
electrode strips, two of them are
used to excite total vibration and
the other two pairs of electrode are
used to detect the Corioli’s force
or the rotational acceleration cause
by the hand motion. By using the
gyro signal, the image vibration
can be compensated electrically on
a monitor display.

Fig.16: Design of the surface wave lype motor {a), and its elec-

trode configuration.
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Efforts have been made to develop
high-power ultrasonic vibrators as
replacements for conventional el-
ectromagnetic motors. The ultra-
sonic motor is characterized by
,low speed and high torque,”
which is contrasted with ,high
speed and low torque” of the elec-
tromagnetic motors. Two catego-
ries are being investigated in Ja-
pan for ultrasonic motors: a stan-
ding-wave type and a propaga-
ting-wave type.

The standing-wave type is someti-
mes referred to as a vibratory-
coupler type or a ,woodpecker”
type, where a vibratory piece is
connected to a piezoelectric driver
and the tip portion generates flat-
elliptical movement. Attached to a
rotor or a slider, the vibratory pie-
ce provides intermittent rotational
torque or thrust. The standing-wa-
ve type has , in general, high effi-
ciency, but lack of control in both
clockwise and counterclockwise
directions is a problem. An ultra-
sonic linear motor equipped with
a multilayer piezoelectric actuator
and fork-shaped metallic legs has
been developed as shown in
Fig.15 [28]. Since there is a slight
di%erence in the mechanical reso-
nance frequency between the two
legs, the phase difference between
the bending vibrations of both legs
can be controlled by changing the
drive frequency. The walking sli-
der moves in a way similar to a
horse using its fore and hind legs

a maximum L

speed of 20 !
cm/s and a ma- | ‘
ximum thrust of 39 |
0.2 kgf with a

maximum effi-
ciency of 20%,
when driven at
98 kHz of 6 V Bl

(actual power = o

0.7 W). This mo-

tor has been em-
ployed in a pre-
cision X-Y stage.

Bv comparison,
the propagating-
wave type (a
surface-wave or
Jsurfing” tvpe) combines two
standing waves with a 90 degree
phase difference both in time and
in space, and is controllable in
both rotational directions (Fig.16)
[29]. By means of the traveling ela-
stic wave induced by the thin pie-
zoelectric ring, a ring-type slider
in contact with the , rippled” sur-
face of the elastic bodygonded on-
to the piezoelectric is driven in
both directions by exchanging the
sine and cosine voltage inputs.
Another advantage is its thin de-
sign, which makes it suitable for
installation in cameras as an auto-
matic focusing device. 80 % of the
exchange lenses in Canon'’s .,.EOS”
camera series have already been
replaced by the ultrasonic motor
mechanism.

when trotting. A trial motor 20 x 5.3 EUROPE
20 x 5 mm? in dimension exhibited
Ceramic actua-
tor development
Glass Lens has started rela-
— tively recently in
Rotor e Europe, and the
$ research topics
Stator . di\:ierges very
Top Elecoode  Widely. Howe-
Structure s s Coud Tor ver, the current
@ focus by major
manufacturers is
PZT rrobably put on
e ab-equipment
- roducts such as
ab-stages and
Tizrnueny/Plaimen Si steppers with
Botio Electrode ! sophisticatedly
complicated
structures.

Fig. 18: Ultrasonic micro-motor.

S ¢

Fig.17: Walking piezo motor.

Figure 17 shows a walking piezo
motor with 4 multilaver actuators
[30]. Shorter two are used to func-
tion as clamplers and longer two
provide the proceeding distance in
an inchworm mechanism.

6 Future of Ceramic Actuators

18 years have passed since the in-
tensive development of piezoelec-
tric actuators began in Japan, then
spreaded worldwidely. Presently,
the focus has been shifted to prac-
tical device applications.

The markets in USA is limited to
military and defense applications.
and it is difficult to estimate the
sales amount. The current needs
from Navy are smart submarine
skins, hvdrophone actuators, prop
noise cancellation etc., and smart
aircraft skins from Air Force, while
Army requires hilicopter rotor twi-
sting, aeroservoelastic control and
cabin noise/seat vibration cancel-
lation.

On the contrary in Japan, piezoel-
ectric shutters (Minoita Camera)
and automatic focusing mecha-
nisms in cemeras (Canon), dot-
matrix printers (NEC) and part-
feeders (Sanki) are now commer-
cialized and mass-produced by
tens of thousands of pieces per
month. During the commercializa-
tion, new designs and drive-con-
trol techniques of the ceramic ac-
tuators have been mainly develo-
Eeerd in the past few years. A num-

of patent disclosures have be-
en found particularly in NEC, TO-
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TO Corporation, Matsushita Elec-
tric, Brother Industry, Tovota Mo-
tors, Tokin. Hitachi Metal, Toshiba
etc.

Several vears ago Mr. T. Sekimoto.
Former President of NEC, expres-
sed his desire to the piezoelectric
actuators in his New Year’s speech
that the market-share of piezoelec-
tric actuators and their employed
devices would reach up to $10 bil-
lion (51010) in the future. If we
estimate the annual sales in 2000
(without considering the current
serious economical recession in Ja-
pan), ceramic actuator units, ca-
mera-related devices and ultraso-
nic motors will be expected to
reach 5500 million, $300 million
and 5150 million, respectivelv. Re-
garding the final actuator-related
products. 510 billion will not be
very different from the realistic
amount.

Future research trends will be di-
vided into two ways: up-sizing in
space structures and down-sizing
in office equipment. Further do-
wn-sizing will also be required in
medical diagnostic applications
such as blood test kits and surgical
catheters. Piezoelectric thin films
campatible with silicon technolo-

will be much focused in micro-
electromechanical systems. An ul-
trasonic rotarv motor as tiny as 2
mm in diameter fabricated on a si-
licon membrane is a good example

(see Fig.18) [31].

With expanding the application
field of ceramic actuators, the du-
rability /reliability issue becomes
more important. The final goal is,
of course, to develop much toug-
her actuator ceramics mechanical-
ly and electrically. However, the
reliability can be improved signifi-
cantly if the destruction symptom
of the actuator is monitored.

Safety svstems or health monito-
ring systems have been proposed
with two feedback mechanisms:
position feedback which can com-

ensate the position drift and the

ysteresis, and breakdown detec-
tion feedback which can stop the
actuator system safely without
causing any serious damages onto
the work, e.g. in a lathe machine

[32]. Acoustic emission and inter-
nal potential measurements. and
resistance monitoring of a strain-
gauge type internal electrode em-
bedded in a piezo-actuator under
a cyclic electric field drive are
good predictors for the life time

[33].

Future research and development
should focus on superior syvstems
ecologically (i.e. fit for human!) as
well as technologically. Safety sv-
stems, which can monitor the fati-
gue or the destruction symptom of
materials/devices, and stop the
equipment safely without causing
serious problems, will be desired.
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Abstract -- Bimorph based double amplifier actuator
is a new type of piezoelectric actuation structure
which combines both bending and flextensional
amplification concepts. As a result the
displacement of the actuator can be more than ten
times larger than the tip displacement of bimorphs
and can be used in air acoustic transducers as an
actuation element. This paper studied the
dependence of displacement on actuator parameters
and optimum design issues for the cover plate (the
flextensional part of the actuator) theoretically and
experimentally.

L INTRODUCTION

How to get larger displacements is always a main
objective in the development of piezoelectric transducer and
actuator devices. Since the direct extensional strain in most
piezoelectric ceramic materials is at best a few tenths of one
percent, the means of enhancing or amplifying the
displacement is essential in many device designs[1].

Except for multilayer type actuators, which enhance the
displacement by a direct dimension effect, presently there are
two ways to amplify the extensional strain of piezoelectric
materials[2]. One is to make use of bending amplification
mechanism, which leads to the development of bimorph type
actuators. Another way is the utilization of flextentional
amplification scheme, which leads to the development of
flextensional transducers widely used in underwater acoustics,
moonie and cymbal actuators[3].

Recently, we presented a new kind of piezoelectric
actuation structure named bimorph based double amplifier{4],
because it can be considered as the combination of bending-
type actuators and flextensional elements, as shown in Fig. 1.
As a result the displacement of the new actuator can be more
than ten times larger than the tip displacement of bimorphs,
and can be used in air acoustic transducers as an actuation
clement. Some theoretical analyses have been given earlier[5].
In this work, the displacement of the actuator is studied in
detail, with emphasis on the optimum dimension design of
the cover plate of the actuator.

II. PRINCIPLE AND THEORETICAL ANALYSIS

This work was supported by the Office of Naval Research under the
contract No. N00O14-94-1-1140,

Multilayer,

E Dimension Effect
Single Plate .
Single Amplificr, Single Amplifice

Flextensional Amplificr 1

Bending Amplificr

Fig. 1. Evolution of piezoelectric actuators with larger displacement
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Fig. 2. Basic configuration of bimorph based double amplifier

The basic configuration of bimorph based double amplifier
is shown in Fig. 2. The structure mainly consists of two
parallel-mounted bimorphs with a triangle shaped cover plate
as an active diaphragm fixed on the top of the bimorphs.
Higher displacement is achieved by converting the tip
displacement of bimorphs to the motion of th